do Carmo JM, Hall JE, da Silva AA. Chronic central leptin infusion restores cardiac sympathetic-vagal balance and baroreflex sensitivity in diabetic rats. Am J Physiol Heart Circ Physiol 295: H1974 -H1981, 2008. First published September 12, 2008 doi:10.1152/ajpheart.00265.2008.-This study tested whether leptin restores sympathetic-vagal balance, heart rate (HR) variability, and cardiac baroreflex sensitivity (BRS) in streptozotocin (STZ)-induced diabetes. Sprague-Dawley rats were instrumented with arterial and venous catheters, and a cannula was placed in the lateral ventricle for intracerebroventricular (ICV) leptin infusion. Blood pressure (BP) and HR were monitored by telemetry. BRS and HR variability were estimated by linear regression between HR and BP responses to phenylephrine or sodium nitroprusside and autoregressive spectral analysis. Measurements were made during control period, 7 days after induction of diabetes, and 7 days after ICV leptin infusion. STZ diabetes was associated with hyperglycemia (422 Ϯ 17 mg/dl) and bradycardia (Ϫ79 Ϯ 4 beats/min). Leptin decreased glucose levels (165 Ϯ 16 mg/dl) and raised HR to control values (303 Ϯ 10 to 389 Ϯ 10 beats/min). Intrinsic HR (IHR) and chronotropic responses to a full-blocking dose of propranolol and atropine were reduced during diabetes (260 Ϯ 7 vs. 316 Ϯ 6, Ϫ19 Ϯ 2 vs. Ϫ43 Ϯ 6, and 39 Ϯ 3 vs. 68 Ϯ 8 beats/min), and leptin treatment restored these variables to normal (300 Ϯ 7, Ϫ68 Ϯ 10, and 71 Ϯ 8 beats/min). Leptin normalized BRS (bradycardia, Ϫ2.6 Ϯ 0.3, Ϫ1.7 Ϯ 0.2, and Ϫ3.0 Ϯ 0.5; and tachycardia, Ϫ3.2 Ϯ 0.4, Ϫ1.9 Ϯ 0.3, and Ϫ3.4 Ϯ 0.3 beats ⅐ min Ϫ1 ⅐ mmHg Ϫ1 for control, diabetes, and leptin) and HR variability (23 Ϯ 4 to 11 Ϯ 1.5 ms 2 ). Chronic glucose infusion to maintain hyperglycemia during leptin infusion did not alter the effect of leptin on IHR but abolished the improved BRS. These results show rapid impairment of autonomic nervous system control of HR after the induction of diabetes and that central nervous system actions of leptin can abolish the hyperglycemia as well as the altered IHR and BRS in STZ-induced diabetes. diabetes mellitus; autonomic nervous system; heart rate variability; streptozotocin DIABETES IS ASSOCIATED WITH metabolic and cardiovascular complications that lead to increased risk for cardiovascular and kidney disease (4). One of the many complications observed in diabetes that increases cardiovascular risk is impaired autonomic function (12, 24, 25) . The autonomic dysfunction affects the modulation of the sinus-atrial node (18, 22) and causes changes in heart rate (HR) variability (14, 21, 26) . Diabetes is also associated with impairment of baroreflex sensitivity (9, 24), which reduces the buffering of beat-to-beat alterations in arterial pressure (18, 32) and may contribute to the development of target organ injury (12). In experimental models of insulin deficiency, functional alterations in the control of autonomic nervous system activity, HR, and baroreceptor sensitivity have been demonstrated to occur as early as 5 to 7 days postinduction of diabetes (24), whereas structural changes in tissues and organs develop after longer periods of diabetes (14).
insulin deficiency, functional alterations in the control of autonomic nervous system activity, HR, and baroreceptor sensitivity have been demonstrated to occur as early as 5 to 7 days postinduction of diabetes (24) , whereas structural changes in tissues and organs develop after longer periods of diabetes (14) .
Previous studies from our laboratory and others have demonstrated that leptin, a hormone produced by fat cells that regulates food intake and thermogenesis (18, 35) , markedly improves glucose utilization (29, 38, 41) . Although leptin has been shown to enhance insulin sensitivity in humans (30) and rodents (39) , a major part of the effects of leptin on glucose homeostasis is independent of insulin. Chronic leptin infusion, for example, completely restores euglycemia in insulin-deficient diabetic rats (2, 6, 15) , and this effect appears to be mediated mainly by the direct actions of leptin in the central nervous system (CNS) (6, 15, 29) .
In addition to its CNS actions on metabolism and appetite, leptin also plays a major role in the regulation of sympathetic nervous system (SNS) activity and cardiovascular function (1, 3, 10, 15, 38) . In a recent study, we showed that chronic intracerebroventricular (ICV) or intravenous (IV) leptin infusion not only normalized blood glucose levels and reduced the hyperphagia in streptozotocin (STZ)-induced diabetes in rats, but it also reversed the bradycardia caused by the induction of diabetes (6) .
The present study tested whether leptin ameliorates the cardiovascular functional changes associated with short-term diabetes including autonomic dysfunction and impaired baroreflex sensitivity in STZ-induced diabetes, a widely used model of diabetes. Since chronic adrenergic blockade prevented only part of the effects of leptin to increase HR back to prediabetic values, we also determined whether the remaining effect of leptin to raise HR was mediated by reduced cardiac parasympathetic nervous system (PNS) tone or by an increase in intrinsic HR (IHR), which has been shown to be reduced in this diabetic model (20, 24) .
METHODS

Animals
Experiments were performed in male Sprague-Dawley rats (n ϭ 20; Harlan, Indianapolis, IN) weighing between 340 and 360 g. The experimental protocol and procedures were submitted and approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center.
Surgical Protocols
Implantation of the telemetry transmitter, femoral arterial, and venous catheters and ICV cannula. Rats were anesthetized with pentobarbital sodium (50 mg/kg), and atropine sulfate (0.1 mg/kg) was used to prevent excess airway secretion. With the use of aseptic techniques, a laparotomy was performed, and the catheter of the pressure telemetry transmitter (Model TA11PAC40; Data Sciences International) was inserted into the abdominal aorta, distal to the kidneys, for continuous 24-h/day blood pressure (BP) and HR measurements. The catheter was fixed in the aorta with a small drop of cyanoacrylate adhesive, and the transmitter was secured to the abdominal wall by sutures. Arterial and venous catheters were also inserted into the left femoral artery and vein for blood sampling and IV infusion. The catheters were exteriorized in the scapular region through a subcutaneously implanted stainless steel button.
After implantation of the telemetry transmitter and arterial and venous catheters, a stainless steel cannula (21 gauge; 10-mm long) was placed into the right lateral cerebral ventricle using coordinates previously described (6) . The guide cannula was anchored into place with two stainless steel machine screws, a metal cap, and dental acrylic, and a stylet was inserted to seal the cannula until use. During stereotaxic manipulation, anesthesia was maintained with 0.5% isoflurane. Eight days after recovery from surgery, accuracy of the cannula placement was tested by dipsogenic response (immediate drinking of at least 5 ml of water in 10 min) to an ICV injection of 100 ng of angiotensin II.
Hemodynamic measurements. After recovery from anesthesia, rats were housed in metabolic cages for determination of daily food and water and urine output. The arterial and venous catheters were connected to a dual-channel infusion swivel (Instech). The rats received food intake and water ad libitum during the study. The venous catheter was connected to a syringe pump for continuous IV infusion of saline (0.9%; 21 ml/day) immediately after the placement of the rats into the metabolic cages. Total sodium intake was maintained constant at ϳ3.1 meq/day via the continuous saline infusion combined with sodium-deficient rat chow (0.006 nmol/g food; Harlan Teklad). The rats were allowed to recover for 8 to 10 days before control measurements were recorded. BP and HR data were analyzed using Dataquest ART software (Data Sciences International). A small amount of blood (25 l) collected from the arterial catheter was used to determine blood glucose levels using glucose strips (Reli On Ultima).
Experimental Protocols
After 5 days of stable control measurements, diabetes was induced by a single IV injection of STZ (50 mg/kg; Sigma). Seven days after STZ injection, rats (n ϭ 15) received a continuous ICV infusion of leptin (0.021 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) for 7 days via osmotic minipump (0.5 l/h; Alzet). The minipump was implanted subcutaneously between the scapulae under isoflurane anesthesia and connected to the ICV cannula via tygon tubing. Our laboratory has previously shown that this rate of ICV leptin infusion has no significant effect on plasma leptin levels, indicating that leptin infused into the cerebral ventricles did not spill over into the circulation (6) .
In an additional group of rats (n ϭ 5), the IV saline infusion was replaced by a solution containing 35 ml of 50% glucose solution and 10 ml of 0.9% saline (infusion rate of 42 ml/day) to maintain blood glucose levels above 350 mg/dl. The replacement of the 0.9% saline to glucose solution occurred at the beginning of the leptin treatment period and continued until the animals were euthanized.
Cardiac Sympathetic-Vagal Balance
Cardiac SNS and PNS tone under resting conditions were estimated by the chronotropic effects of full-blocking doses of propranolol (4 mg/kg), a ␤-adrenergic receptor antagonist, and atropine (2 mg/kg), a muscarinic receptor blocker at a volume per injection of 0.2 ml or less. Propranolol and atropine injections were performed at the end of the control period, 7 days after STZ injection, and on day 7 of leptin infusion. After resting BP and HR were recorded, propranolol was injected first, and 15 min later, atropine was injected. The IHR was evaluated after simultaneous blockade with propranolol and atropine.
Baroreflex Analysis
After 10 -15 min of baseline BP recording, the animals received a single IV bolus (0.2 ml) of phenylephrine (16 g/kg) or sodium nitroprusside (32 g/kg). An appropriate interval between the drugs (10 -20 min) was allowed for BP and HR to return to baseline levels. The maximal response of mean arterial pressure (MAP) to phenylephrine or sodium nitroprusside and the corresponding maximal reflex change in HR were plotted for each drug. The slope of the linear regression calculated based on the reflex change in HR to a given change in MAP was used as the index of baroreflex sensitivity.
HR Variability Determined by Spectral Analysis
Pulsatile BP recordings were analyzed using customized software designed to detect inflection points of periodic waves. Beat-by-beat time series of systolic BP were generated, and series of pulse interval (PI) were obtained by measuring the intervals between consecutive systolic BP values. PI values were considered as HR and used to calculate HR variability. Series of BP and PI were visually inspected to exclude nonstationary segments. Stationary segments of time series had their means and variances calculated and were submitted to autoregressive spectral analysis. Autoregressive spectral analysis was performed with parameters estimated by Levinson-Durbin recursion, with order chosen according to Akaike's criterion (25) . The power of each relevant oscillatory component in absolute units was quantified in low frequency (LF; 0.25-0.75 Hz) and high frequency (HF; 0.75-3.0 Hz). The LF component reflects both sympathetic and parasympathetic activities to the heart, whereas the HF component is accepted as a marker of parasympathetic modulation to the heart (23).
Statistical Analysis
Data are reported as means Ϯ SE. Baseline values of MAP, HR, and glucose were compared by one-way ANOVA for repeated measurements followed by Tukey's post hoc test. Variance, LF, HF power of systolic pressure, and PI were compared using variance on ranks followed by Mann-Whitney's post hoc test. Statistical significance was accepted at a level of P Ͻ 0.05.
RESULTS
Effects of Diabetes and Chronic ICV Leptin Infusion on Food Intake, Glucose Levels, BP, and HR
Induction of insulin-deficient diabetes by STZ injection caused hyperphagia (19 Ϯ 1 vs. 42 Ϯ 2 g/day average for the last day of control and 7 days after the induction of diabetes, respectively) and marked hyperglycemia (92 Ϯ 7 vs. 422 Ϯ 17 mg/dl; Fig. 1 ), which were associated with increased water intake (from 7 Ϯ 1 to 232 Ϯ 30 ml/day) and urine production (from 22 Ϯ 6 to 268 Ϯ 30 ml/day). STZ-induced diabetes was also associated with pronounced bradycardia (from 372 Ϯ 7 to 275 Ϯ 6 beats/min; Fig. 2A ). MAP gradually decreased reaching significance (P Ͻ 0.05) on day 7 after the induction of diabetes ( Fig. 2A) .
Chronic ICV leptin infusion for 7 days reduced food intake to control values (18 Ϯ 1 g/day, average of the last 4 days of leptin infusion; P Ͻ 0.05 compared with the day 7 postinduction of diabetes) and completely reversed the hyperglycemia (131 Ϯ 20 mg/dl; P Ͻ 0.001; Fig. 1A ). The reduced food intake and normalization of glycemic levels during leptin treatment were also associated with the marked reduction in water intake (19 Ϯ 3 ml/day; P Ͻ 0.001) and urine production (57 Ϯ 4 ml/day; P Ͻ 0.001). Chronic leptin ICV infusion also fully reversed bradycardia caused by the induction of diabetes, and HR quickly rose back to prediabetic values (396 Ϯ 8 beats/ min; P Ͻ 0.05; Fig. 2A ). Leptin infusion also returned MAP to control values ( Fig. 2A) .
In the group where blood glucose were kept at hyperglycemic levels by continuous IV glucose infusion (Fig. 1B) , chronic ICV leptin infusion reduced food intake from 37 Ϯ 2 to 8 Ϯ 1.5 g/day (P Ͻ 0.001; Fig. 1B ) and completely reversed the bradycardia caused by the induction of diabetes (Fig. 2B ). This indicates that the effects of leptin to raise HR in diabetic rats were independent of the antidiabetic actions of leptin. No major changes in MAP were observed in this group (Fig. 2B) .
Effects of Diabetes and Chronic ICV Leptin Infusion on Cardiac Sympathetic and Parasympathetic Tone and IHR
Diabetes caused a rapid impairment of cardiac sympathetic tone evaluated 7 days after STZ injection by the HR responses to ␤-adrenergic blockade (Fig. 3A) and by spectral analysis, ; A) or chronic ICV leptin infusion and IV glucose infusion (B) on mean arterial pressure (MAP) and heart rate, measured 24 h/day, in STZ-diabetic rats. Data are expressed as means Ϯ SE (n ϭ 12).
which demonstrated a significant attenuation of the LF component of the spectra (Table 1 and Fig. 4) . No change was observed in the HR response to atropine injection, suggesting that cardiac parasympathetic tone was not altered 7 days after the induction of diabetes (Fig. 3A) . The spectral analysis method, however, indicated increased parasympathetic tone to the heart (evidenced by increased HF component of the spectra) after the onset of diabetes (Table 1 and Fig. 4) . Chronic ICV leptin treatment raised cardiac sympathetic tone to levels above control while not significantly altering parasympathetic tone to the heart (Fig. 3A) . Leptin treatment also increased the LF/HF ratio to prediabetic values, which were markedly reduced 7 days after the induction of diabetes (Table 1) .
Diabetes was also associated with an average 50 beats/ min decrease in the IHR (P Ͻ 0.05) measured after sympathetic and parasympathetic inputs to the heart were removed by propranolol and atropine injections (Fig. 3A) . This reduction in IHR was completely reversed by leptin ICV infusion (Fig. 3A) . ).
The CNS effects of leptin to restore cardiac sympathetic tone and IHR to control values were mainly independent of the ability of leptin to normalize glycemic levels, since IV glucose infusion, to keep circulating glucose values close to diabetic levels, did not significantly alter the effects of leptin to raise sympathetic tone and IHR to values similar to those observed in rats receiving IV saline infusion (Fig. 3, A and B) .
Effects of Diabetes and Chronic ICV Leptin Infusion on HR Variability and Baroreceptor Sensitivity
The spectral analysis also showed that diabetes was associated with increased PI, an indication of the bradycardia, and increased HR variability (Table 1) . Diabetes also reduced baroreflex sensitivity, affecting the tachycardic and bradycardic reflex responses to a bolus injection of sodium nitroprusside (from 3.2 Ϯ 0.4 to 1.9 Ϯ 0.3 beats/min/mmHg; P Ͻ 0.05) and phenylephrine (from 2.6 Ϯ 0.3 to 1.7 Ϯ 0.2 beats⅐ min Ϫ1 ⅐mmHg
Ϫ1
; P Ͻ 0.05), respectively ( Table 2 and Fig. 5 ), resulting in the decreased slope of the linear regression curve plotting changes in HR to a given change in MAP (Fig.  5 ). This impairment in baroreflex sensitivity and the increased HR variability observed 7 days after the induction of diabetes were completely reversed to prediabetic values by chronic ICV leptin infusion (Fig. 5 and Table 1 ). Contrary to the effects of leptin on cardiac sympathetic tone and IHR, the improvement of baroreceptor sensitivity during ICV leptin treatment was abolished by an IV glucose infusion to maintain the hyperglycemia (Table 2) .
Diabetes or chronic leptin treatment did not alter arterial pressure variability or the LF and HF power components of arterial pressure regulation evaluated by spectral analysis (Table 1).
DISCUSSION
In the present study, we show that leptin has a marked effect via its direct actions on the CNS that not only restores euglycemia and reverses the hyperphagia and bradycardia associated with insulin-deficient diabetes but also completely restores cardiac sympathetic tone and reduces the increased HR variability to levels comparable with nondiabetic rats. Induction of diabetes also caused a substantial decrease in the IHR that was completely reversed by ICV leptin treatment. CNS actions of leptin to normalize baroreflex sensitivity in insulin-deficient diabetes were mediated mainly by the associated restoration of euglycemia.
The bradycardia observed in STZ-induced diabetes has been suggested to reflect changes in the electrophysiological properties of the sinus node, increased cardiac vagal activity, or decreased cardiac sympathetic tone (19, 24) . We recently showed that chronic adrenergic receptor antagonism blunted ϳ50% of the rise in HR during leptin infusion in STZ-diabetic rats (6) , whereas in the present study we observed a marked reduction in cardiac sympathetic tone after the induction of diabetes that was also completely reversed by leptin treatment. Taken together, these results indicate that at least one-half of the bradycardia observed in STZ-diabetic rats is mediated by reduced cardiac sympathetic tone. In the present study, we did not find any significant change in cardiac parasympathetic tone, evaluated by the increase in HR after a full-blocking dose of atropine, after the induction of diabetes or during leptin infusion. However, IHR, which is the HR after sympathetic and parasympathetic inputs to the heart have been blocked by propranolol and atropine, was markedly reduced 7 days after the induction of diabetes and ICV leptin infusion raised the IHR back to normal prediabetic values. These observations suggest that marked bradycardia observed in this experimental model of diabetes is mediated by a reduction in cardiac SNS activity and by a decrease in the intrinsic pacemaker activity of the heart. Our results also indicate that chronic CNS actions of leptin can completely return HR back to prediabetic values by restoring normal cardiac sympathetic tone and by normalizing IHR. Our results do not exclude the possibility that prolonged diabetes may induce other changes that contribute to the control of HR, such as altering vagal tone to the heart. We, however, did not observed any significant change in cardiac parasympathetic tone during the first two weeks postinduction of diabetes. Whether chronic ICV leptin can also ameliorate these cardiovascular alterations after prolonged diabetes, which could lead to neuropathy, is unknown and remains an important area for further investigation.
The mechanisms by which leptin increases SNS activity and IHR in diabetic rats are still unclear. However, activation of the Data are means Ϯ SE; n ϭ 8/ICV leptin ϩ intravenous (IV) saline group and 5/ICV leptin ϩ IV glucose group. *P Ͻ 0.05. hypothalamic proopiomelanocortin (POMC) system and its receptor types 3 and 4 (MC3/4R) appear to play an important role. Studies with blockade of the POMC-MC3/4R pathway using pharmacological agents or transgenic mice that do not have functional MC4R receptors have shown that an intact POMC-MC3/4R pathway is required for leptin-induced sympathetic activation and to increase arterial pressure and HR (7, 40) . Another possibility that was tested in our study is that leptin may also normalize IHR by restoring normoglycemia in diabetic rats since most cardiac electrophysiological disturbances in STZ-diabetic rats can be reversed by the normalization of glucose levels (8) . Exposure of myocytes to high glucose levels, but not other nonmetabolizable sugars, also prolongs the relaxation phase of the action potential (34). Our results, however, indicate that the CNS effects of leptin to normalize cardiac sympathetic tone and IHR to control values were mainly independent of the ability of leptin to normalize glycemic levels since maintenance of the hyperglycemia during leptin treatment did not significantly alter the effects of leptin to raise sympathetic tone and IHR back to values observed before the development of diabetes. These data suggest that mechanism(s) other than the normalization of circulating glucose levels mediate these effects of leptin. However, further studies are necessary to determine the precise mechanisms by which leptin may alter pacemaker activity and autonomic outflow to the heart in diabetic rats.
Studies in diabetic patients and experimental animal models of diabetes have demonstrated an impairment of baroreflexmediated HR responses to increases or decreases in BP (5, 11, 21, 22, 31) . Therefore, another important goal of the present study was to determine the efficacy of chronic leptin infusion in ameliorating the impaired baroreceptor responses in diabetic rats. We found that STZ-induced diabetes is associated with impaired tachycardic and bradycardic baroreflex responses as early as 7 days after the induction of diabetes. We also found that chronic ICV leptin infusion augmented baroreflex sensitivity back to normal in STZ-treated rats. Chang and Lund (5) showed that insulin replacement in STZ-diabetic rats also enhanced baroreflex sensitivity, suggesting that the normalization of glucose levels may be an important component by which leptin restored baroreflex function in the present study. It is also possible that the augmented sympathetic tone during leptin treatment contributes, at least in part, to the improvement of baroreceptor function in our diabetic rats. Although we showed that the return of cardiac sympathetic tone and IHR to control values is independent of the action of leptin on glucose levels, amelioration of the hyperglycemia appears to play a major role in mediating the effects of leptin to improve baroreceptor sensitivity in diabetic rats.
The spectral analysis data also showed a reduction in the LF component of the power spectra, indicating a reduction in cardiac sympathetic tone 7 days after the induction of diabetes. Similar results were obtained using propranolol to assess sympathetic control of HR. Analysis of the HF component of the spectra indicated an increase in parasympathetic control of HR after the induction of STZ diabetes, but our results with atropine injections provided no evidence for altered parasympathetic control of HR in STZ-treated rats. One possible explanation is that the pharmacological method evaluates the maximum response of HR after the withdrawal of parasympathetic tone by a full-blocking dose of atropine, whereas the spectral analysis evaluates more subtle changes in cardiac parasympathetic tone in the presence of normal sympathetic and parasympathetic inputs to the heart.
Another aspect of diabetes is that cardiovascular and metabolic functions gradually worsen with time and according to the severity of the hyperglycemia, which could explain why some studies have reported reduced sympathetic or parasympathetic tone or both. DallЈAgo et al. (9) showed an impairment of parasympathetic tone to the heart in diabetic rats, whereas McDowell et al. (26) observed normal vagal response to vagal electrical stimulation, and clinical studies have found impaired vagal and sympathetic control of the heart rate (11). One major advantage of our study compared with most previous studies is that we used chronically implanted telemetry probes to continuously monitor arterial pressure and HR throughout the length of our experiment so that each animal served as its own control for the effects of diabetes or chronic ICV leptin infusion. Our findings indicate that short-term diabetes, lasting for 2 wk or less, is associated mainly with sympathetic rather than parasympathetic dysfunction.
The finding of the present study that the induction of diabetes was associated with increased HR variability is similar to the observations by Schaan et al. (36) . However, some studies have found reduced HR variability in the STZ-diabetic model (16, 23, 28) . These differences may be related to differences in the duration of diabetes, the degree of hyperglycemia, different species, and other factors that may influence HR variability such as the development of neuropathy with prolonged severe diabetes. In the present study, each animal served as its own control, which is an important factor that strengthens our findings.
In the present study, we mainly focused on the effects of leptin in short-term diabetes to determine whether chronic ICV leptin treatment could reverse the functional cardiovascular alterations known to develop during the onset of diabetes. Whether leptin would also exert similar effects after long-term exposure to diabetes remains to be determined. In a recent study, Park et al. (32) showed that leptin replacement therapy for one year in patients that had developed type 1 diabetes seven years before the study markedly reduced their insulin requirements and was also associated with significant improvement of most of the metabolic parameters examined (32) . However, the effects of leptin of cardiovascular parameters were not investigated, and little information is available regarding the cardiovascular actions of chronic leptin therapy in diabetic subjects.
Although the mechanisms by which the CNS actions of leptin markedly reduced plasma glucose levels and food intake in diabetic rats are unknown, activation of the POMC-MC3/4R pathway and inhibition of the hypothalamic neuropeptide Y (NPY) system may play a major role. Pharmacological inhibition of the MC3/4R, via an ICV infusion of the antagonist, completely prevented the effects of leptin to reduce appetite and to increase insulin sensitivity in rats (7) . Furthermore, induction of diabetes with STZ is associated with reductions in POMC levels in the hypothalamus (17) . Conversely, NPY levels are markedly increased in STZ-diabetic mice (39a), and NPY-deficient mice have hyperglycemia comparable with that observed in wild-type mice after the induction of diabetes but do not show any increase in food intake (39a). Since leptin activates the POMC pathway while inhibiting the NPY system, the increased POMC/NPY ratio may be a key factor contributing to the antidiabetic and appetite actions of leptin observed in the present study.
In summary, we showed that leptin has powerful CNS actions that completely restore glucose and appetite regulation in STZ-diabetic rats. In addition to its metabolic actions, leptin also appears to have major cardiovascular effects mediated by the CNS that reversed the bradycardia, the HR variability, and the decreased IHR to prediabetic values. The improvement of baroreflex sensitivity in STZ-diabetic rats during ICV leptin infusion appears to be largely mediated by the CNS effects of leptin to normalize blood glucose levels. The CNS mechanisms triggered by chronic leptin infusion that mediate these metabolic and cardiovascular effects are unknown. Moreover, the link between the CNS and the peripheral organs leading to the normalization of glucose levels is also unknown and remains to be elucidated. Future studies are needed to better understand how the brain regulates peripheral glucose homeostasis in diabetic models with insulin deficiency. The results from the present study also suggest that the CNS may be an important target for novel therapies to improve the metabolic and cardiovascular outcome of current antidiabetic treatments.
